INTRODUCTION
facilities, European coastal areas have been studied for more than 100 years. English estuaries, for instance, are amongst the most thoroughly documented estuaries in the world, even though collectively English rivers probably discharge less sediment annually than a moderate-sized Chinese river discharges in a single day.
In the aftermath of the Second World War and beginning of the Cold War, an increasing amount of university and national oceanographic effort in both Europe and North America (as well as the former Soviet Union) was devoted to deep-water research, in large part (directly or indirectly) related to marine acoustics: detecting enemy submarines and hiding friendly ones. This bathyal emphasis paid major dividends in terms of our understanding of Earth structure and history. Many of the break-throughs in our understanding of the Earth's geology, in fact, have come from the profusion of post-WW II marine geophysical and geological data. Scrape away the glossy veneer of many innovative paradigms of the late 20 th century -plate tectonics, sequence stratigraphy, paleoclimatology -and one finds marine data (magnetic anomalies, seismic profiles, long sediment cores, deep-sea drilling) obtained directly or indirectly for national defense purposes.
Since the1990s, however, two major changes have redirected the oceanographic research once again landward. First, with the end of the cold war, the emphasis on marine acoustics and anti-submarine warfare sharply diminished, supplanted by an increased military interest in shallow-water (e.g., mines) and coastal (e.g., landing water-based troops) environments. Second, there has been an increased societal awareness of coastal waters and their problems -environmental degradation, decreasing fisheries, global warming, etc. To meet the increased interest in the neretic environment, a number of international projects such as GLOBEC (GLbal Ocean ECosystems Dynamics) and IGBP's LOICZ (Land-Ocean Interactions at the Coastal Zone) have been initiated, but there are also an increasing number of national and regional studies (e.g., France's ECOFER and ECOMARGE; England's ELOISE, and the US NSF MARGINS programs). Yet despite the critical link between land and the coastal ocean, many marine scientists still remain relatively ignorant about terrestrial processes, which is perhaps a bit myopic, since a holistic view of the coastal zone (such as has been taken by LOICZ) considers the land-sea connection as extending to the headwaters of rivers draining into the coastal zone.
In this paper I address the problem of fluvial fluxes of water and sediment to the ocean, in this case emphasizing European rivers, as they should prove the prime interest and focus for many of the readers of this volume. Attempting to convey to a European readership insights about European rivers, however, is a bit like a European attempting to coach an American on how to play baseball. Nevertheless, in this paper I attempt to draw together some data and resulting considerations that may allow interested readers to view their coastal environments in more innovative and holistic ways.
One particularly interesting aspect about European rivers is that although they are relatively limited in geographic extent, they represent a nearly global representation of rivers, ranging from arctic to sub-tropical, low to high runoff, low to high suspended and dissolved loads, and relatively pristine to heavily impacted by human activity. But these rivers and their drainage basins are continually changing, and these changes will undoubtedly have impacts on Europe's coastal and estuarine environments. Some of the changes may be natural (e.g., near-term and long-term climatic oscillations), others might be related to basin-wide changes in landuse or water discharge, and others might be related to human-induced climate change.
RUNOFF AND DISCHARGE PATTERNS
Precipitation throughout Europe is largely determined by the marine environment and terrestrial topography. Landward movement of warm air coming from the Gulf Stream and the orographic rising and cooling of warm, moisture-laden air, particularly in the Alps, result in widely variable precipitation and runoff (defined as precipitation minus evaporation) throughout Europe (Fig. 1 ). Meteorological runoff is greatest along the western coasts of Europe (note, for instance, that runoff in the western parts of the British Isles generally exceeds 1 m/yr, whereas runoff in the east is locally less than 200 mm/yr; Fig. 1 ). Precipitation is also high in the mountainous regions of southern Europe, as can be seen by comparing runoff with the locations of mountains seen in Figure 2 Italy has much greater precipitation and runoff than elsewhere in southern Europe. It is therefore not surprising that hydrologic runoff (discharge divided by drainage basin area) is greatest for northern rivers, such as the Glomma (Norway), decreasing substantially in central and western European rivers (e.g., Oder, Loire and Discharge varies temporally as well as spatially. For instance, the Oder, Loire and Danube all exhibited near record-high discharge around 1940 and again in the late 70s and early 80s, whereas the Ebro and Po had high discharges in the late 30s and 1961, with low discharges in the early 40s and early 60s ( Fig. 4 ). Most interesting, however, is the inverse relationship between discharge of western and central European rivers (Loire and Oder) and the North Atlantic Oscillation (NAO) index, in contrast to eastern US rivers, which show a positive correlation ( Fig. 5 ). Although the significance of this observation is uncertain, periods of high and low precipitation (and thus river discharge) seem oscillate back and forth across the Atlantic. It is interesting to speculate that inter-annual net freshwater discharge entering the North Atlantic may be roughly constant, but that the relative importance of North American vs. western European rivers changes in response to the NAO. The seasonality of river flow also varies geographically. Scandinavian rivers have minimum discharge during the winter and maximum discharge in mid to late spring. Farther south, the Oder and Loire exhibit highest discharges progressively earlier in the year, and minimum discharges are in the summer months rather than the winter (Fig. 3 ). The Loire, in fact, displays a Mediterranean climate similar to the Ebro River (high winter runoff, low summer runoff), while the Po and Danube discharge patterns largely reflect the alpine terrain that they drain ( Fig. 4) .
SOLID AND DISSOLVED LOADS
The erosion and transport of solid and dissolved sediment are largely a function of climate, geology (reflecting both topography and lithology), and anthropogenic activity. Because of the broad range of climates (particularly precipitation and runoff; Fig. 1 ), the presence of several major mountain ranges (Fig. 2) , the local dominance of both old, hard rocks (e.g., Scandinavia; Fig. 6 )) and younger, softer rocks (e.g., southern Alps, and particularly watersheds in central Italy and Albania), and a long history of human activity within many of the drainage basins, European rivers have a wide variety suspended-and dissolved-solid regimes. Fluvial sediment loads are generally related to the topographic relief of the drainage basin, the result of both increased stream gradient and (often) greater tectonic activity (hence landslides). Sediment load also increases with increasing precipitation (Milliman et al., in prep.) and the presence of more erodable rocks (e.g., mudstone compared to granite; Hicks et al., 1996) .
Although western Scandinavia is mountainous, eastern Scandinavia is low-lying, and rocks throughout the area are mostly old (pre-Mesozoic) and hard (metamorphic, igneous). As a result, Scandinavian rivers have extremely low sediment loads regardless of basin area (sediment load tends to be a function of basin area, being greater in large than in small drainage basins; e.g., Milliman and Syvitski, 1992) . Historically much of Scandinavia has been relatively free of industrial pollution, and this combined with the sub-arctic climate and old (i.e. hard) lithology has resulted in low dissolved loads ( Fig. 7, left) .
The headwaters for many northern and western European rivers are located in mountainous regions (Fig. 2) , but the rocks are generally old ( drain lower elevations. As a result rivers draining northern and western Europe have low sediment loads, although generally not as low as those for Scandinavian rivers (Fig. 7) . (The Rhine provides an interesting anomaly in that much of its sediment load is trapped in Lake Constance, so that north of Switzerland it behaves more like a low-land river than one whose headwaters are in mountainous terrain.) Dissolved loads in western European rivers, however, are not only greater than those in Scandinavian rivers, they loads also tend to be greater than suspended loads (Fig. 7, center Meybeck and Ragu (1997) and Milliman and Farnsworth (in press ).
Most southern European rivers, in contrast, carry sediment loads that are one to three orders of magnitude greater than similar sized rivers draining northern Europe (Figs. 7, right, and 8) . Many of the drainage basins draining the southern Alps (and the Apennines in Italy) contain younger (and therefore more erodable) rocks. But the greater sediment loads of southern European rives also reflect a long history of anthropogenic activity on the alpine and Mediterranean landscape (e.g., Woodward, 1995) . Southern European river dissolved loads are much less than their suspended loads ( Fig. 7) , but are similar to northern European rivers (Fig. 8) .
It is interesting to note that total dissolved loads TDS) in northern and western European rivers increase essentially linearly as a function of basin size (dissolved load = (0.08)*(basin area)^1.03 (r 2 = 0.92) (Fig.  8 ). If three rivers with anomalously high TDS values (Rhine, Weser and Gauja) were deleted from the correlation, the exponent would 1.00 (r 2 = 0.96). Southern European rivers cluster around this correlation except for three rivers -the Tiber, Po and Rhone-who have considerably high TDS values than would be predicted from their basin size. Given the tight fit of the data, in fact, one can calculate theoretical dissolved loads and compare them to measured loads. As inferred from Fig. 8 , the measured loads of the Rhine, Weser, Gauja, Rhone, Po and Tiber (shown as asterisks in Fig.  6B ) are significantly greater than their basin areas would indicate (Table 1) . For European rivers this often is a result of salt mining (e.g., Fraser et al., 1995) , suggesting that calculated delivery of dissolved NaCl and KCl might account for much of the "excess" dissolved solids in these anomalous six rivers.
Assuming for the moment that all the Cl is derived from dissolved NaCl, one can calculate the total amount of dissolved NaCl delivered by each of the rivers. This assumption, of course, is incorrect, since some Cl is derived from sources other than halite; therefore the calculated numbers in Table 1 must be considered maximum values. Nevertheless, dissolved NaCl can account for most (if not all) of the excess dissolved solids in the Weser and Rhine rivers (Table  1) , but practically none of the dissolved solids in the Gauja or (more importantly) in the three rivers draining the southern Alps. The apparent lack of halitederived Cl in these southern rivers suggests that these rivers may be less polluted (at least interms of salt) than the northern rivers, and therefore that natural TFDS values are greater than for similar sized rivers in the north. This is reconfirmed by the Cl to SiO 2 ratio, the latter value assumed to be a natural dissolved constituent (1) . Northern rivers tend to have significantly greater dissolved Cl/ SiO 2 ratios (mean = 37; range = 2.1-308) than southern rivers (mean = 5.5; range = 4.5-6.5), and the heavily industrialized hinterlands in Germany have some of the highest Cl/SiO 2 ratios (33, 43 and 308 for the Rhine, Elbe, and Weser rivers, respectively) noted in global rivers. 1 It should be cautioned that SiO 2 contents in dammed rivers can be depleted when trapped in artificial lakes for prolonged periods (Humborg et al., 1997) .
FIG. 8. -Comparison of mean annual suspended loads (left) and dissolved loads (right) for southern (solid dots) and northern (open diamonds)
European rivers . Suspended loads for southern European rivers are clearly much greater than they are for rivers draining northward from the Alps, largely the result of regional geology, morphology, and climate. In contrast, the relationship between dissolved load and basin area for northern and southern European rivers is more or less the same, with the main exception of six rivers (Weser, Rhine, Gauja, Tiber, Po and Rhone) whose dissolved loads are substantially greater than their basin area would suggest. See also Table 1 .
The difference in northern and southern European rivers also can be seen with respect to nutrient flux. Although these is some scatter in the data, N-NO 3 fluxes from northern European rivers (open diamonds in Fig. 9 ) are generally 2 to 5 times greater than for similar sized rivers draining the south (solid dots in Fig. 9 ). In contrast, Scandinavian rivers have loads about an order of magnitude smaller for any given basin size. The exceptions to this general trend are Portuguese and Baltic state rivers (all of whom have low nitrate loads), the Rhone (whose load is much lower than similar sized southern rivers), and the Po (whose nitrate load is much higher than other southern rivers). Similar trends are seen for other nutrients, such as dissolved phosphate and silicate (data from Meybeck and Ragu, 1997 .
PAST AND FUTURE CHANGE
As one can see from the preceding discussion, European rivers have been influenced by both the natural environment (climate and geology) and human activities. Deforestation, mining, industry, and urbanization, in fact, have played major roles in the water quality (or lack therefore) of European rivers and adjacent estuaries for many centuries, and, with reference to Mediterranean rivers, millenia (e.g., McNeil, 1992; Woodward, 1995) . In fact, human impact on European river basins can be viewed on the basis of European history: rivers such as the Ebro, Po and Axios (Greece) were affected by human activity as early as 2500 years ago, but the Ebro and Po deltas prograded appreciably over the past 400 years in response to increased deforestation in the upper parts of the respective river basins (Mariño, 1992; Sestini, 1992) .
In the past 50 years, however, sediment loads for many European rivers have decreased, in some cases precipitously, in response to both changes in EUROPEAN RIVERS DISCHARGING TO THE SEA 129 Fig. 6B [dissolved load = (0.08)x(basin area in thousand of km 2 )]. NaCl load was computed assuming that all Cl discharged from the various rivers is associated with Na; clearly this calculated load is a maximum, since the Cl has other sources. The first six rivers fall upon the curve shown in Fig. 6B and therefore are assumed to have dissolved loads "normal" for European rivers. Measured and calculated are generally similar, and the slight excess measured load for four of the rivers can be explained in large part by dissolved NaCl. The second six rivers have anomalously high dissolved loads (Fig. 6B ). Essentially none of the Gauja's (Estonia) excess dissolved load is present as NaCl, whereas all of the Rhine and Weser's excess loads can be explained by dissolved NaCl. In contrast, little of the "excess" dissolved loads from the last three rivers, who drain the southern slopes of the Alps, appear to be derived from dissolved NaCl, suggesting that these high dissolved loads may have less anthropogenic influence than the Rhine or Weser. Measured TDS data from Meybeck and Ragu (1997 Meybeck and Ragu (1997) .
land use and river diversion (most notably dam construction). Landuse has changed as western Europe has evolved increasingly to a non-agrian society. Frangipane and Paris (1994) reported more than an 85% decrease in sediment load for the Ombrone River (central western Italy) over the past century, which they explained by decreased grazing (by domestic animals) and a corresponding increased forest cover. Dam construction, of course, has only added to the change in water and sediment flux. Spain alone has more than 900 large dams (defined by the International Commission on Large Dams as having a relief greater than 15 m). Damming of the rivers in the latter part of the 20 th century not only has stopped delta-front progradation, it also has resulted in local erosion as well as landward intrusion of saline groundwaters. Becchi and Paris (1989; c.f. Billi and Rinaldi, 1997 ) estimated that the sediment load of the Arno River (Italy) increased from about 2 x 10 6 t/yr prior to the 16 th century to 7.5 x 10 6 t/yr in 1800, but in the past 50 years has decreased to about 2.7 x 10 6 t/yr, most of the rest being trapped behind dams. Three Albanian rivers (Drini, Vijose and Semani) formerly had an annual combined sediment load of about 75 x 10 6 t/yr; but at present their combined load is about 26 x 10 6 t/yr (Ciavola et al., 1998) . The examples of the Rhone and the Ebro are even more extreme, the former decreasing from 5 9 to about 6 x 10 6 t/yr (Pont, 1997) and the latter delivering less than 1% of its former load to the coastal zone (Guillén and Palaques, 1992) . Moreover, the streambeds of many mountainous Mediterranean rivers have been increasingly mined for sand and gravel (even though this is often an illegal activity); the lower reaches of the Arno River, for instance, has been lowered as much as 2-4 m over the past century by river mining (Billi and Rinaldi, 1997) .
Changes in the dissolved constituents flowing into European estuaries have been widely studied. Etchanchu and Probst (1988) , for example, reported that a 14-19% increase in Cl -, SO 4 -2 , and K +in the Garonne River between 1971 and 1984, and a 78% increase in NO 3 that was almost exclusively related to increased application of fertilizers in throughout the watershed.
As industrial and agricultural practices become more efficient and as human waste waters are more effectively treated, however, dissolved solid and nutrient contents should decline in many western European rivers. It may take a bit longer for levels to fall in rivers draining former East-Bloc countries, but one can safely assume that within the next 20 years many (if not most) European rivers will discharge few suspended and dissolved solids than they do at present.
One result of these decreased fluxes should be decreased eutrophication of European estuaries and coastal waters. However, changing ratios of dissolved solids may change the composition of biological blooms in coastal waters. Humborg et al. (1997) , for instance, found that a decreased flux of dissolved silicate from the Danube River (because of diatom blooms in various dammed lakes, chiefly the reservoir behind the Iron Gates Dam), which has resulted in a shift from a diatom-dominated phytoplankton community in the NW Black Sea to one dominated by dinoflagellates and coccolithorphorids. One implication of this ecosystem shift may be increased hypoxia and anoxia, as well as a greatly diminished coastal fisheries (Humborg et al., 1997) .
Decreased sediment loads to the coastal zone already has resulted in increased erosion of the Ebro, Rhone and Po deltas (e.g., Mariño, 1992; Corre, 1992; Sestini, 1992) , which presumably will only accelerate in the coming years. Similar accelerated erosion should occur along the Albanian coastline in response to decreased sediment loads from their rivers. Such effects, on the other hand, should be minimal for western and northern European rivers, as most of their watersheds already have been so completely "managed" that it seems highly improbable that their already tiny sediment loads can diminish much further. But to assume that one can use mid-20 th century values for any European river to estimate future (or even present-day) fluxes to adjacent coastal waters can lead to severe miscalculations. Care must be taken in using up-to-date values, even at a time when the number of rivers and stations being monitored appears to be decreasing (Vorosmarty et al., 2001) .
